Status epilepticus (SE)-related neuronal degeneration and glial activation in different regions of the developing rat hippocampus were investigated in an age-and time-dependent manner. Wistar rat pups of postnatal day (P) 7, 15, and 21 were injected i.p. with lithium+pilocarpine to induce SE or saline to make controls. Rats were sacrificed at 2, 12, 24 h, 3 days and 7 days after SE induction. Neurodegeneration in the hippocampus was assessed by Fluoro-Jade B staining. The expressions of the astrocyte marker (GFAP) and microglia marker (Iba-1) were evaluated by immunohistochemistry. In P7 rats, there was no neuronal damage at any time points in SE. Two hours after SE induction, the number of degenerating neurons in the hippocampus significantly increased in the CA1 region of P15 rats and in both CA1 and CA3 regions of P21 rats. Degenerating neurons in the dentate gyrus appeared at 24 h after SE in P15 and P21 rats. In P7 rats, there was no up-regulation of GFAP-or Iba-1-positive cells in SE. The expression of GFAP was dramatically elevated at 12 h in the CA1 and CA3 regions of P15 rats. The number of GFAP-positive cells did not increase in the dentate gyrus until 24 h after SE induction in P15 rats. In P21 SE rats, the mentioned index increased in the CA1, CA3, and dentate gyrus at 2 h. The number of Iba-1-positive cells increased significantly in the CA1, CA3, and dentate gyrus at 12 h in P15 rats and as early as at 2 h in P21 rats. These findings suggest that SE-related neuronal damage and glial activation in the immature brain are, in general, less intense than in the adult one, and the development of these processes in different structures of the hippocampus demonstrates significant temporal and spatial specificity.
INTRODUCTION
Status epilepticus (SE) is a life-threatening emergency inducing high mortality. After successful rescue, permanent brain damage and the risk for the epilepsy development are two main concerns. Neuronal death and glial activation are characteristic pathological changes after SE in the adult brain. Neuronal excitation during SE triggers glial activation via various extracellular signals such as glutamate, ATP, and IL-1β [1] . Activated glial cells might contribute to neuronal damage by releasing inflammatory factors. An immature brain is rather prone to seizure activity. It is, however, less vulnerable to irreversible seizure-induced damage, which indicates that the respective pathological changes are age-dependent.
In our study, we observed pathological changes at different time points in the immature rat hippocampus after induction of the SE, to find the manner in which neuronal degeneration and glial activation occur in the developing brain.
METHODS
Animals. Male Wistar rats of postnatal day (P) 7, P15, and P21 were purchased from the Shandong University. P7 and P15 rat pups were housed with their dams until weaning or sacrificed. P21 rats were maintained in quiet uncrowded facilities and given unlimited access to food and water. All rats were kept in a room at constant temperature (23°C) and humidity (60%) on a 12-h light schedule. Rats in each age group were divided into the SE and control groups.
Lithium+pilocapine-induced SE model. All Wistar rats of the SE group were injected intraperitoneally (i.p.) with 127 mg/kg lithium chloride. After 18 to 24 h, P7, P15, and P21 rats were administered i.p. with pilocarpine at dosages Status Epilepticus-Related Injury in the Immature Hippocampus of 120, 80, and 60 mg/kg, respectively. Atropine (1 mg/kg) was i.p. injected 30 min before pilocarpine. Animals of the control group were given with the same volumes of saline. Seizure activity was graded, as previously described, according to the following manifestations [2] : Mouth and facial movements corresponded to level I, head nodding, to level II, forelimb clonus, to level III, rearing with forelimb clonus, to level IV, and rearing and falling with forelimb clonus, to level V. Rats that exhibited grade-IV and V seizures were included in the experiment. Seizures could be terminated with 400 mg/kg i.p chloral hydrate. The pilocarpine dosages used led to approximately 20% mortality in rats of all groups. Finally, 50 rats were included in the SE group, and 25 rats were included in the control group. Both groups were further divided into subgroups and sacrificed at 2, 6, and 24 hours and 3 or 7 days after the SE induction.
Tissue preparation. Rats of both groups were perfused transcardially with chilled PBS followed by 4% paraformaldehyde. The brains were taken off, manually dissected from the calvarium, and immersed in 4% paraformaldehyde for 24 h at 4°C before paraffin embedding. Embedded brains were sectioned coronally with a microtome into 5 mm-thick sections and collected on gelatin-coated microscope slides.
Fluoro Jade B stain. The slides were first immersed in a solution containing 1% sodium hydroxide in 80% alcohol (20 ml of 5% NaOH added to 80 ml absolute alcohol) for 5 min. This was followed by a 2-min-long stay in 70% alcohol and 2 min in distilled water. The slides were then transferred to 0.06% potassium permanganate for 10 min and rinsed in distilled water for 2 min. After 20 min in 0.0004% Fluoro Jade B staining solution, the slides were rinsed for 1 min in each of three distilled-water washes and then placed on a slide warmer set at approximately 50°C, until they were fully dry. Finally, the tissue was examined using an epifluorescent microscope with blue (450-490 nm) excitation light.
Immunohistochemistry. Hippocampal sections were incubated with diluted mouse anti-GFAP antibody (1:100; Millipore Corporation, USA) or mouse anti-Iba1 antibody (1:100; Epitomics Inc., USA) overnight at 4°C. Subsequently, they were exposed to HRP-conjugated antimouse antibody (1:200; ZSGB-BIO, China). After treatment with DAB (ZSGB-BIO, China), the slides were counterstained with hematoxylin and mounted with permanent mounting medium. Immunohistochemical staining was observed under a light microscope. An image-Pro Plus 6.0 set was used for quantitative analysis of GFAP-and Iba-1-positive cells.
Statistical analysis. Numerical values were expressed as means ± s.d. for each group; SPSS 11.0 was used for all statistical analyses. The t-test was performed to compare the SE and control groups for Fluoro Jade B and immunohistochemistry; P values less than 0.05 were considered statistically significant.
RESULTS
Fluoro Jade B. In the SE P7 age group, there were no positive cells at all time points. In the SE P15 group, there were some positive cells in the CA1 zone at 2 h, 12 h, 24 h, 3 days, and 7 days. No positive cells were seen in the CA3 region in the P15 group at any time interval. There were positive cells in the dentate gyrus at 24 h, 3 days, and 7 days in P15 rats in the above status. In the SE P21 group, there were positive cells in the CA1 and CA3 zones at 2 h, 12 h, 24 h, 3 days, and 7 days. In SE P21 rats, positive cells were observed in the dentate gyrus only at 24 h, 3 days, and 7 days ( Fig. 1 ; Table 1 ).
Immunohistochemistry. There was no significant difference in the number of GFAP-positive cells between the control and SE groups at all five time intervals in P7 rats. In SE P15 rats, the numbers of such cells in the CA1 and CA3 regions were significantly greater at 12 h, 24 h, 3 days, and 7 days after SE, while this index was higher in the dentate gyrus at 24 h, 3 days and 7 days. In the SE P21 group, GFAP-positive cells were more numerous at all time points in the CA1, CA3, and dentate gyrus ( Fig. 2; Table 2 ).
In the P7 group, the number of Iba-1-positive cells did not differ significantly between control and SE groups at any time. Iba-1-positive cells were more numerous at 12 h, 24 h, 3 days, and 7 days in the CA1, CA3 and dentate gyrus in the SE P15 group. The respective values were greater in P21 SE than in the control at 2 h, 12 h, 24 h, 3 days, and 7 days in the CA1, CA3, and dentate gyrus ( Fig. 3 ; Table 3 ).
DISCUSSION
Available reports concerning the effects of status epilepticus on the immature brain were focused on F i g. 1. Fluoro Jade B staining at 24 h after SE induction. A) CA3 region in P7 rats, B) CA3 region in P15 rats, C) CA3 region in P21 rats, D) CA1 region in P7 rats, E) CA1 region in P15 rats, F) CA1 region in P21 rats.
GFAP staining in the hippocampus at 3 days after SE in P15 rats. A) CA3 region, control, B) CA3 region, group SE, C) CA1 region, control, D) CA1 region, group SE, E) dentate gyrus, control, F) dentate gyrus, group SE.
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certain specific aspects such as recurrent seizures, EEG, neuronal death, and mossy fiber sprouting. It should be mentioned that studies of neuronal death and glial activation in this state are still patchy.
In our experiments, we found that there was no SE-related neuronal damage or glial activation in the hippocampus of P7 rats. Degenerating neurons in the hippocampus appeared at 2 h after SE induction in P15 and P21 rats. Astrocytes and microglia were activated at 12 h after SE in P15 animals and at 2 h in P21 rats.
Results of Fluoro Jade B staining suggest that the neonatal brain is more resistant to SE-related neurodegeneration; significant changes could only be detected after postnatal day 15. There are several possible mechanisms that could explain different vulnerability to SE within different developmental stages. Status epilepticus produces neuronal damage mostly by excessive activation of glutamate receptors. Functional studies in the rat indicated that the glutamate receptor density appears to peak around P10 [3] . Thus, increased expression of functional glutamate receptors is likely to play a major role in increased vulnerability of the brain only after two weeks of life. Immediate early gene responses could be determinants of neuronal survival; such responses in the immature and mature brains are dissimilar. For example, there is no c-fos transcription in the neonatal hippocampal and cortical structures after kainic acid (KA)-induced SE. At the same time, c-fos induction could be detected after P13 [4] . Greater GABA synthesis [5] and less mitochondrial oxidative stress [6] under SE conditions in the immature brain are also possible mechanisms providing higher resistance of the immature brain to SE.
May be, a more important finding is that neurons in different regions of the hippocampus respond in a dissimilar manner to excitation signals. Neurons in the CA1 and dentate gyrus degenerated after SE in both P15 and P21 rats, whereas the CA3 region underwent neurodegeneration only in P21 rats. Intrinsic characteristics of hippocampal neurons could explain this age-dependent and region-specific mode of changes. Vulnerable neurons have higher expression of the genes related to stress. The CA1 neurons in organotypic cultures maintained in vitro have a higher level of oxidative activity under baseline conditions when compared with the CA3 neurons [7] . As was reported, extracellular potassium regulation was less effective in the CA1 compared to the CA3 region in immature rabbits after repetitive stimulation [8] ; this is why the CA1 region is more vulnerable to such excitation. The neuronal excitability reaches the level typical of mature animals in the CA1 region after P14, while inhibitory processes did not reach such level even several weeks later [9] . The development of synaptic inhibition lag in the CA1 compared to the CA3 can explain preferential CA1 damage in 2-weekold animals [10] .
Not only neuronal degeneration but also glial activation are age-dependent. Microglia and astrocytes in the rat hippocampus were not activated until two weeks after birth. These gliocytes types were simultaneously activated at 12 h in P15 rats and at 2 h in P21 rats after SE induction, which means that microglia and astrocytes are involved in the pathological process in SE practically simultaneously. The precise mechanism of seizures-related glial activation remains unknown. After neuronal excitation, an increased .4 ± 5.5* 49.9 ± 4.7* Footnotes. Contr. and SE are controls and status epilepticus groups, respectively. * Difference is significant compared with the control group (P < 0.05) in a specific region in each age group. Other designations are similar to those in Table 1 . extracellular K + concentration and various signals (such as glutamate, ATP, and calcitonin gene-related peptide) are possible factors triggering microglial activation [1, [11] [12] [13] . IL-1β, produced mainly by activated microglia, is one of the most powerful inducers of reactive astrogliosis [14] . Swann et al. [10] reported that, after penicillin-induced epileptogenesis, the extracellular K + concentration in the CA3 region of hippocampal slices taken from 9-to 16-day-old rats is higher than that in more mature rats (30-35 days old). This finding seems to be contradictory to our observation of quiescent glial cells in P7 rats. Oxidative substances from degenerating neurons are, however, also strong stimulators of glial activation, and this explains well the inactivated status of glial cells in the immature brain.
Furthermore, glial activation showed a regionspecific pattern at different time points after SE.
In our experiments, astrocytes were activated at 12 h in the CA1 and CA3 regions and later (at 24 h) in the dentate gyrus of P15 rats. Astrocytes in all three regions in P21 rats were activated 2 h after SE induction. Microglial cells were activated in the CA1, CA3, and dentate gyrus at 12 h after SE in P15 rats and at 2 h after such influence in P21 rats. Whether glia activation leads to neuronal death, or neuronal death results in longterm glial activation after SE, has not been clarified in previous studies. In our research, neuronal degeneration was detected earlier than glial activation in the CA1 region in P15 rats, while glial cells were activated earlier than neuronal injury developed in the dentate gyrus in F i g. 3. Iba-1 staining in the hippocampus at 3 days after SE in P15 rats. A) CA3 region, control, B) CA3 region, group SE, C) CA1 region, control, D) CA1 region, group SE, E) dentate gyrus, control, F) dentate gyrus, group SE. Table 2. P21 rats. Microglia and astrocytes were all activated in the CA3 region at 12 h after SE in P15 rats, but no degenerating neurons were observed at any time point in this region. According to this time-sequence analysis, we suppose that the cause/effect relationship between neuronal death and glial activation depends on the region specificity, time point, and developmental stage. In addition, glial activation without neuronal death in the CA3 region in P15 rats suggests that there must be some factor other than glial activation precipitating neuronal degeneration.
Thus, pathological changes after SE in the immature brain differ from those in the adult brain. Neuronal degeneration and glial activation in the hippocampus demonstrate age, time, and regional specificity. Detailed observations in our research probably can provide some help for further studies of the pathological processes in the immature brain under SE conditions.
